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The thorniest problem in comparative neurobiology is the identi-
fication of the particular brain region of birds and reptiles that
corresponds to the mammalian neocortex [Butler AB, Reiner A,
Karten HJ (2011) Ann N Y Acad Sci 1225:14-27; Wang Y, Brzozowska-
Prechtl A, Karten HJ (2010) Proc Natl Acad Sci USA 107(28):12676—
12681]. We explored which genes are actively transcribed in the
regions of controversial ancestry in a representative bird (chicken)
and mammal (mouse) at adult stages. We conducted four analyses
comparing the expression patterns of their 5,130 most highly
expressed one-to-one orthologous genes that considered global
patterns of expression specificity, strong gene markers, and coex-
pression networks. Our study demonstrates transcriptomic diver-
gence, plausible convergence, and, in two exceptional cases,
conservation between specialized avian and mammalian telen-
cephalic regions. This large-scale study potentially resolves the
complex relationship between developmental homology and func-
tional characteristics on the molecular level and settles long-standing
evolutionary debates.
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Despite recent advances in our knowledge of comparative
aspects of cortical neurogenesis, migration, clonal relation-
ships, and gene expression patterns, there is no consensus on
how these processes evolved together to determine the adult
brain structures across diverse amniotes (1-5). Anatomical, hodo-
logical, embryological, and gene expression data (based on few
select genes) provide conflicting answers on brain homology across
vertebrates. Studies of embryonic neurogenesis and cell migration
have informed homology of developmental territories (6-8), but
the striking similarities in lamination, connectivity, and physio-
logical properties observed between adult forms derived from
noncorresponding pallial regions remain unexplained (3-5, 9).
Comparative transcriptomics is a powerful approach to interro-
gating regional correspondence without resorting to limited lists of
selected genetic markers. Recent methodological advances in
profiling mammalian cerebral cortical layer transcriptomes (10—
12) could objectively test the validity of proposed, yet contro-
versial, relationships between regions of adult mammalian and
avian brains. These comparisons are motivated by our under-
standing of the evolution of mammals from a reptilian subclass,
represented by the synapsid condition (with a cranial opening in
the cheek region of the skull), and of birds from another reptilian
subclass, represented by the diapsid condition (two postorbital
skull openings).

Results

We extended our previous transcriptomic analysis of cortical
layers in the adult mouse (13) to additional structures, 16 in total,
and compared these with seven regions of the adult chicken brain
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(Fig. 14 and SI Appendix, Figs. S1 and S2). All dissected regions
in both species (except the striatum, which is subpallial) develop
primarily from one of four morphogenetically delineated sectors
of the pallium (the dorsal portion of the telencephalon): medial,
dorsal, lateral, and ventral. Striatum and hippocampus (a medial
pallium derivative) were dissected from both species as control
regions of undisputed homology and conserved function. The
additional chicken regions were hyperpallium, a dorsal pallial
derivative; mesopallium, a lateral pallial derivative; dorsolateral
corticoid area, a dorsal or lateral pallial derivative; and nido-
pallium and arcopallium, both ventral pallial derivatives. Mouse
samples were dissected from layers of dorsal and lateral cortex,
both dorsal pallial derivatives; and claustrum-endopiriform com-
plex and pallial amygdala, both primarily ventral pallial derivatives
(although pallial amygdala has a component from lateral pallium).
We validated the chicken dissections with in situ hybridization of
resulting marker genes (SI Appendix, Fig. S8 and Table S4) and the
mouse dissections using hybridizations from the Allen Mouse
Brain Atlas (S Appendix, Figs. S3-S7). We deep sequenced cDNA
libraries from pooled polyadenylated RNA from 8 mice (postnatal
56 d) and 18 chickens (12 wk) and compared the expression pat-
terns in each species of the most highly expressed 5,130 one-to-one
orthologs (SI Appendix, Tables S1-S3) following extensive quality
checks (SI Appendix, Figs. S23-S44 and Tables S9-S12).

We used four approaches to quantify expression relationships,
yielding consistent and complementary results. First, we con-
sidered if there was a particular alignment of expression specif-
icities of all genes in one region in one species with any region in
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Fig. 1. Studied regions and little conservation of gene coexpression between avian and mammalian brains. Brain regions involved in the evolutionary debate
of neocortex homology studied in mouse (A) and chicken (B) were dissected from serial sections in the anteroposterior axis; the claustrum (Cl, dashed lines) is
located in more anterior sections of mammalian brains, and the arcopallium (A) is located in more posterior sections of avian brains. The avian dorsolateral
corticoid area is shown in S/ Appendix, Fig. $8. (C) Topological dissimilarity dendrogram and coexpressed mouse modules. Gene pairs that branch from one
another lower on this dissimilarity dendrogram have more similar expression patterns across the dissected samples than other pairs. A color band corresponds
to a group of genes sharing a similar expression pattern across samples; thus, larger bands reflect more genes that share a pattern. (D) Topological dis-
similarity dendrogram and coexpressed chicken modules. (E) Relative positions in the chicken dendrogram (represented in B) of one-to-one orthologs of
genes in the mouse clustering (represented in A). (F) Relative positions in the mouse dendrogram (represented in A) of one-to-one orthologs of genes in the
chicken clustering (represented in B). A to F in mouse, cortical layers; Ag, basolateral amygdala; dCx, dorsal cerebral cortex; E, endopiriform complex; H,
hyperpallium; Hp, hippocampus; ICx, lateral cerebral cortex; M, mesopallium; N, nidopallium; S, striatum.

the other species (the “specificity comparison”). Second, we ob-  from the specificity comparison, which we know from simu-
jectively defined the top marker genes in each region of one species  lations to have the power to detect a transcriptome-wide simi-
(each in turn) and assessed if they showed a tendency to be larity of a mere ~1% greater than random pairings (ST Appendix,
expressed more likely than expected by chance in any particular  Materials and Methods). This suggests that the highly significant
region of the other species (the “marker comparison”). Third, we  similarities identified using the marker and network comparisons
looked for cross-species overlap of gene coexpression modules  are driven by subsets of genes. An apparent marker gene in one
using Weighted Gene Coexpression Network Analysis (10—.12) species is more likely to be an apparent marker gene in the other
(the “network comparison”; Fig. 1 B-E and SI Appendix, Figs.  gpecies: the maximum specificity for the chicken ortholog of
§10, S11, $45-S50 and Tables S7-S9, S13, S14, and §20). Fourth,  the median marker gene in mouse was at the 79th percentile

we c(:ixe;mined the cross-species Ereservation d(?f m(ﬁules (the  3mong all genes in chicken and at the 95th percentile of marker
mc? Sul ; prIesetLvatlon comparnson t%l(SIAp pEnarx, Ea fes 85, 86, genes in mouse (the median chicken marker was at the 99th
and §15). In these comparisons, the average rank of gene ex- percentile in chicken and its ortholog at the 85th percentile in
pression level was moderately conserved between mouse and Wh idered iointly. th s little di bl
chicken (- = 0.49, P < 10~°%; Fig. $9). This correlation is slightly ~™°US¢)- o Cl‘l’nS‘ ered jomntly, there 1s uttie .‘S“rﬁ“ N
lower than previously reported for brain transcriptomes between pattern in how these genes are express;d, suggesting that a
mouse and human (12, 14) (- = 0.60, P < 10~%°), species with four- strong argument for one-to-one homologies between birds and
g ’ ’ mammals should not be based on a few adult marker genes.

fold less divergence time. In the network comparison, we found . . .
Nonetheless, comparative studies based on the expression of a

some robust cross-species markers for oligodendrocytes, striatum, .
and hippocampus (SI Appendix, Figs. S16 and S17). The marker few select marker genes have been used to support specific, and

comparison returned the expected transcriptional conservationin ~ Sometimes contradictory, one-to-one homologies between non-
striatum and hippocampus and thus validated our dissection hippocampal pallial regions of adult birds and mammals that are
methods (SI Appendix, Figs. S52 and $53). Likewise, the module ~ apparently developmentally unrelated (8, 15). As a recent ex-
preservation comparison revealed a preservation of coexpressed ~ ample, deep cortical layers (largely layer V) were proposed to be
striatal genes (ST Appendix, Tables S5 and S6 and Fig. S51). homologous to the avian parahippocampal area (8) on the basis

All four sets of analyses, however, failed to identify any degree ~ of two genes that were used separately to support an alternative
of similarity between nonhippocampal pallial regions that re- homology with avian arcopallium (15). Our results explain why
flected homology. In fact, no significant similarities were identified  this approach leads to contradictory conclusions.
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We compared the gene coexpression modules (Fig. 1) con-
structed in mouse (49 modules) and chick (15 modules) with
quality controls (SI Appendix, Fig. S54 and Tables S16-S19).
Eleven modules (six from chicken and five from mouse) signifi-
cantly overlapped between the two species, even after applying
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a conservative Bonferroni correction (SI Appendix, Figs. S18 and
S19). As expected for a region of uncontroversial homology (9)
(which may be considered to be a positive control), significantly
similar gene sets are expressed in the striatum of both species. A
module of mouse striatal genes overlapped significantly with two
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Fig. 2. Conserved striatal and hippocampal gene coexpression modules in chicken and mouse. (A) Expression correlations between genes in two striatal
chicken gene coexpression modules and one striatal gene coexpression module in mouse with significant overlap between the two species (chicken striatal
module 1 overlapping with Bonferroni-corrected P = 8.7 x 1072, chicken striatal module 2 overlapping with Bonferroni-corrected P = 1.4 x 107% both
hypergeometric tests). (B) RNA in situ hybridization (ISH) of conserved markers of chicken striatum. (C) RNA-ISH of conserved markers of mouse striatum. (D)
Expression correlations between genes in significantly overlapping chicken and mouse hippocampal gene coexpression modules (Bonferroni-corrected P = 3.6
x 1073, hypergeometric test). (E) RNA-ISH of conserved markers of chicken hippocampus. (F) RNA-ISH of conserved markers of mouse hippocampus. CDL,

corticoid dorsolateral area. (Scale bars: black, 500 pm; red, 200 pm.)
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chicken modules of striatal genes having slightly different ex-
pression patterns (Fig. 2 A-C). This result was confirmed using
a more conservative analysis in which the lowest quality samples
were removed (SI Appendix, Materials and Methods and Results).
Functional studies further confirm that these genes with con-
served striatal expression are significantly associated with striatal
molecular and cellular neurobiology, obesity and exercise, drug
sensitization, and pain modulation and have been associated
with Parkinson disease models (SI Appendix, Results). The sec-
ond positive control dissection, mouse and chicken hippocam-
pus, also yielded the expected overlap of modules (Fig. 2 D-F).
Despite their different anatomical appearance, lesions in avian
hippocampus cause the same constellation of impairments as
lesions in the mammalian hippocampus, supporting conserved
function in these clades (16). We find that these functional
similarities are also reflected in these regions’ transcriptomes.
There has been little previous work on these conserved hippo-
campus marker genes’ hippocampal functions or the behavioral
effects following their disruption.

Owing to the ongoing debate on mammalian neocortical ori-
gin (1-3, 6, 15), one interesting finding is the statistically signif-
icant overlap between genes marking chick nidopallium and
mouse layer IV neocortex found in both the network comparison
and the marker comparison (Fig. 3 A-C). Indeed, some of these
genes have already been used to support homology between
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nidopallium and layer IV (4, 9, 15, 17-19). However, we do not
consider this a strong argument for homology (evolution by
vertical descent) of these two regions for three reasons. First, just
five genes explained this particular significant overlap in the
network comparison (0.5 expected, reflecting a 10-fold enrich-
ment; Fig. 34). Gene coexpression modules can sometimes in-
dicate a larger trend. However, the significant overlap of two
modules need not necessarily imply that genes other than the
hub genes (i.e., those genes whose expression is most correlated
with the other genes in the module) are under similar regulatory
control. Furthermore, upon repeating the network analysis re-
moving samples with low RNA integrity number (RIN) (hyper-
pallium and arcopallium) to assess robustness, we did not
recapitulate this result although we did again find strong striatal
overlap (SI Appendix, Results, Figs. S12-S15, and Tables S2-S19
and Dataset S1). Second, three of the top hub genes for which
the Allen Mouse Brain Atlas had in situ hybridization images are
expressed in a variety of very different brain regions, including
complex and divergent expression patterns outside the dissected
areas in structures involved in processing or analyzing streams of
sensory input: family with sequence similarity 19, member A2
(Faml19a2) in olfactory-related areas, dynactin 3 (Dctn3) in ol-
factory and somatosensory areas, and RAR-related orphan re-
ceptor B (Rorp) in olfactory and visual regions (SI Appendix, Figs.
S20 and S21). There is also some functional evidence consistent
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Fig. 3. Convergent gene coexpression modules marking chicken nidopallium and mouse layer IV. (A) Expression correlations between genes in significantly
overlapping gene coexpression modules expressed in chicken nidopallium and mouse layer IV (Bonferroni-corrected P = 4.6 x 1073, hypergeometric test). (B)

RNA-ISH of convergent nidopallium markers. (C) RNA-ISH of convergent layer
entopallium; LIV, neocortical layer IV. (Scale bars: black, 500 pm; red, 200 pm.)
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with a sensory-processing Rorf protein overexpression being
sufficient to induce clustering of layer IV neurons and the at-
traction of thalamic innervation (20). Faml9a2 is hypothesized
to have a role in axonal guidance (21) and it is known that both
chick nidopallium and mouse layer IV are thalamic recipients.
In addition, the chick nidopallium derives from the [empty spi-
racles homeobox 1 (EmxI)-negative] ventral pallium (22), whereas
mouse neocortex is generally thought to derive from the (EmxI-
positive) dorsal or dorsal-and-lateral pallium (1, 6, 22). Finally,
if these genes indicated homologous regions from an as-yet-
undiscovered definitive tangential migration of excitatory neurons
into layer IV of neocortex, one might also expect these genes to be
found in other regions containing ventral pallial derivatives, namely
pallial amygdala, claustrum, and endopiriform nuclei. This, how-
ever, was not observed in our analysis. A transient population of
developing brain homeobox 1 (DbxI) excitatory neurons mi-
grates from the ventral pallium through the cortical subventri-
cular zone, stimulating proliferative activity at embryonic stages.
Subsequently, these DbxI-positive neurons invade all cortical
layers from the early postnatal period, but then largely disappear
by adulthood (6, 23). We thus favor the alternative explanation
that this result is due to convergence of expression levels for
genes that underlie common functional repertoires between
nidopallium and neocortical layer IV.

Discussion

Embryonic gene expression and supposed cellular migrations have
supported the hypothesis that the neocortex derives from dorsal
pallium, whereas the avian dorsal ventricular ridge (DVR, Fig.
1A4) derives from the lateroventral pallium (6, 9). However, studies
focusing on connectivity (17, 18), lamination (4, 9, 18), and the
expression of some genes (8, 9, 15) note striking similarities be-
tween the ventral-pallial-derivative nidopallium and the neocortex,
which were originally postulated to be homologous (9, 15, 17, 18).

We reveal species-specific and cross-species regional markers
for pallial and striatal domains; for further exploitation, we
provide a Web resource for adult forebrain expression in mouse
and chicken at http://genserv.anat.ox.ac.uk/brainevo. This dataset
not only will enable insights into telencephalic gene expression
evolution, but also can facilitate future functional investigations.
For example, the cross-species marker lists for striatum and
hippocampus can readily be expanded using the advanced search
feature on the website.

Using more than 5,000 genes, we find that adult gene ex-
pression does not cleanly and consistently fit any model based
exclusively on developmental cell lineage or cellular character-
istics. Unexpectedly, regions that have common developmental
origins, but show functional divergence, exhibited no greater
transcriptomic similarity than developmentally unrelated but
functionally comparable regions. In contrast, striatum or hippo-
campus, regions with undisputed homology and similar functions
in both species, each exhibited conserved groups of coexpressed
genes and characteristic region-specific markers. Functionally

. Molnér Z, Butler AB (2002) Neuronal changes during forebrain evolution in amniotes:
An evolutionary developmental perspective. Prog Brain Res 136:21-38.

. Aboitiz F, Morales D, Montiel J (2003) The evolutionary origin of the mammalian
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analogous and hodologically similar ventral and dorsal pallial
derivatives, such as nidopallium and neocortical layer IV (3, 4,
6), showed weak but significant convergence in gene expression
despite their very different developmental trajectories and
agrees with previous hodological and functional characteristics.
Our results suggest that the pallium has undergone major tran-
scriptomic reorganization, with traces of both molecular homo-
plasy and homology (24) (SI Appendix, Fig. S22). These results
do not imply that there is no homology among other pallial
sectors, only that homology is not a dominant factor in their adult
gene expression patterns. Homology might have a greater impact
on pallial gene expression if we had studied a greater number of
smaller regions or even individual cells. If the function imparted
by these recently derived pallial structures is governed largely by
physiology and connectivity, intrapallial spatial constraints on
adult gene expression may have been relaxed. Considering these
results, subsequent investigations into the evolution of the neo-
cortex should complement studies of homology based on cell
lineage with multiple levels of information in various taxa
toward a holistic understanding of how its molecular programs
were repurposed (1, 2, 24), resulting in such cognitive con-
vergence (5).

Materials and Methods

Brain Tissue. Regions were dissected from brain sections derived from post-
natal day 56 C57BL/6) male mice and 12-wk-old mixed-sex chickens.

RNA-seq. Total RNA was extracted from dissected tissues pooled by region
using a QIAGEN RNeasy Lipid Tissue Mini kit according to the manufacturer’s
protocol. Per the standard Illumina RNA-seq library preparation protocol,
this was poly(A)-selected, reverse transcribed to cDNA, and sequenced on
the lllumina GAlIx.

Anatomical Validations. We confirmed dissection accuracy by reviewing ap-
parent regional marker genes in the Allen Mouse Brain Atlas and performing
in situ hybridizations in chicken.

Expression Analyses. We implemented Weighted Gene Coexpression Network
Analyses, assessed cross-species marker gene overlaps, and constructed an
estimator of transcriptome-wide specificity as described in the S/ Appendix,
Material and Methods.

A detailed S/ Appendix, Material and Methods, accompanies this paper.
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